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Edited by Michael R. BubbAbstract Besnoitia besnoiti is a protozoan parasite responsible
for bovine besnoitiosis. Indirect immunoﬂuorescence showed that
isolated B. besnoiti possesses a set of subpellicular microtubules,
radiating from the apical end and extending for more than 2/3 of
the cell body. Upon interaction with the host cell, B. besnoiti
undergoes dramatic modiﬁcations of shape and surface, as
revealed by atomic force microscopy, accompanied by a distinct
tubulin labeling on the posterior region. In the host cell, the
microtubule cytoskeleton shows a re-arrangement around
the invading parasite suggesting a ﬁlamentous interaction with
the parasite cytoskeleton during invasion.
 2006 Published by Elsevier B.V. on behalf of the Federation of
European Biochemical Societies.
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Besnoitia besnoiti1. Introduction
Besnoitia besnoiti is a coccidian tissue cyst forming proto-
zoan [1,2] of the phylum Apicomplexa, which, like most
apicomplexan parasites, grow and replicate within the parasi-
tophorous vacuole. Proliferation of these organisms occurs
by invasion of a host cell followed by parasite growth and
division until the host cell is lysed by the replicating parasites
[3–6].
B. besnoiti is responsible for bovine besnoitiosis, a pathology
causing important losses in cattle industry. The disease in en-
demic areas is associated with high morbidity rates and usually
described as evolving two distinct sequential stages, acute and
chronic. During the acute stage, multiplication of rapidly pro-
liferative forms (tachyzoites) of B. besnoiti is associated with
pneumonia, lacrimation, general weakness and swelling of
the superﬁcial lymph nodes [7]. In the chronic stage, cysts that
contain slowly multiplying forms (bradyzoites) develop in sub-
cutaneous tissues and other organs. The chronic stage is char-
acterized by sclerodermia, hyperkeratosis, seborrhoea sicca and
alopecia [8]. Additionally, bulls present necrotizing orchitis*Corresponding author. Address: Instituto Gulbenkian de Cieˆncia,
Apartado 14, 2781-901 Oeiras, Portugal. Fax: +351 21 4407970.
E-mail address: msoares@igc.gulbenkian.pt (H. Soares).
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doi:10.1016/j.febslet.2006.07.050and permanent infertility [9,10]. Besides infecting cattle, B. bes-
noiti host range also includes impala, kudu, and wildebeest [8–
11].
Transmission and scanning electron microscopy of B. besno-
iti bradyzoites obtained from naturally infected animals and
in vitro propagated tachyzoites [12] revealed that this protozoa
possesses typical apicomplexan features such as: (i) a crescent-
shape; (ii) a cell body enclosed by a trimembranar pellicle with
a conspicuous specialization of the apical region, the conoid;
(iii) 22 microtubules; (iv) 6 ducts of rhoptries at the anterior
end; (v) micronemes; and (vi) micropores. The dynamic pro-
cess of entry into the host cell, however, has never been specif-
ically addressed.
A varied scheme of strategies is practiced for cell entry by
protozoan parasites, ranging from phagocytosis (e.g., Leish-
mania) and induced uptake (e.g., Trypanosoma cruzi) to active
penetration (e.g., Toxoplasma and related apicomplexans) (for
review see [13]). While most intracellular parasites gain entry
via host-cell mediated processes, apicomplexans use a system
of adhesion-based motility called ‘‘gliding’’ to actively pene-
trate host cells, which has been described as actin/myosin-
dependent [14,15]. The invasion process of Apicomplexa zoites
and the respective molecular mechanisms seem to be con-
served. It begins with an initial contact between the apex of
the parasite and the host cell surface and is immediately fol-
lowed by progressive internalization [14]. Once inside the cell,
the parasite no longer moves. EM studies showed that inter-
nalization occurs in a vacuole that is always continuous with
the plasmalemma of the host cell, although it is separated from
it by the moving junction, which is a very close apposition of
the two plasmalemmas located at the site of entry [16]. Exem-
pliﬁed by Toxoplasma, invasion is an active process mediated
by the parasite’s actin cytoskeleton, the host cell playing no ac-
tive role in the uptake [13,14].
Apicomplexan parasites have the characteristic cytoskeleton
components of eukaryotic cells (microtubules, actin, and inter-
mediate ﬁlament-like proteins). However, they present diﬀer-
ences potentially relevant for the host cell invasion process.
For example, subpellicular Mts are highly resistant to distinct
conditions that lead to Mts depolymerization, e.g. cold, anti-
mitotic agents, detergents, and high pressure (for review see
[17]). Moreover, in Toxoplasma it was shown that in the ma-
ture conoid, tubulin is arranged into a polymer that is quiteation of European Biochemical Societies.
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features are associated to the invasion process remains to be
determined.
B. besnoiti is an obligate intracellular parasite, capable of
invading and being cultured in a wide range of mammalian cell
lines [19,20]. Parasites that practice this life-style are not able
to grow extracellulary, which makes them vulnerable if entry
is prevented. Studying how parasites gain entry into their host
cells is thus important for the design of improved therapies. In
this work we focused on the Mt cytoskeleton of isolated tach-
yzoites of B. besnoiti and its characterization during the ﬁrst
steps of host cell invasion in vitro using indirect immunoﬂuo-
rescence (IIF) and atomic force microscopy (AFM). In addi-
tion, we addressed how depolymerization of the host cell Mt
arrays by nocodazole aﬀects parasite invasion. Taken together,
our results show that although the host cell Mt cytoskeleton is
not essential for parasite entrance, both Mt cytoskeletons
might have an active role during the invasion process.2. Materials and methods
2.1. Culture of parasites
Besnoitia Bb1Evora03 strain [21] was maintained by serial passages
in conﬂuent monolayers of green monkey kidney cells (Vero) in Dul-
becco’s modiﬁed eagle’s medium (DMEM) supplemented with 10%
heat-inactivated fetal bovine serum, HEPES (20 mM, pH 7.2–7.5),
amphotericin B (250 lg/ml), L-glutamine (2 mM), penicillin (100 U/
ml), and streptomycin (100 lg/ml). Extracellular parasites were iso-
lated by ﬁltration of freshly lysed-out tachyzoites trough ﬁlter 4.5 lm
ﬁlter (Millipore), followed by centrifugation at 770 · g for 15 min at
4 C.
2.2. Adhesion/invasion assays
Vero cells (5 · 106/ml) were grown in glass coverslips, for 3 h at
37 C. Puriﬁed tachyzoites (1 · 107/ml) were inoculated in Vero cells
and incubated for 5, 10, 15, 20, and 30 min at 37 C and allowed to
invade, after which the medium was aspirated to remove all free para-
sites. For Mt depolymerization, nocodazole (SIGMA) was added to a
ﬁnal concentration of 50 lM in DMEM, Vero cells incubated for
30 min at 37 C after which the medium was aspirated, Vero cells
washed 3 · 5 min with pre-warmed PBS (130 mM NaCl, 2 mM KCl,
8 mM Na2HPO4, and 2 mM KH2PO4) and replaced with fresh med-
ium (without nocodazole) before parasite inoculation.
2.3. Indirect immunoﬂuorescence microscopy
Parasites in suspension were allowed to adhere to a coverslip and
were directly ﬁxed and permeabilized with acetone for 20 min at RT.
Cells were incubated for 1.30 h at 37 C with the monoclonal anti-a-
tubulin antibody (B5-1-2 diluted at 1:100 in PBS; Sigma–Aldrich), fol-
lowed by 1 h incubation at 37 C with Alexa552 rabbit anti-mouse IgG
(1:200 in PBS; Molecular Probes). DNA was stained with DAPI (1 lg/
ll in PBS; Sigma) for 5 min and coverslips were mounted in Fluoro-
prep (BioMe´rieux) mounting medium. For invasion experiments, ino-
culated Vero cells adherent to coverslips were submitted to the same
ﬁxation/permeabilization protocol as isolated ones.
Cells were examined under a UV light microscope (Leica DMRA2)
and image acquisition was performed with a cooled CCD camera and
MetaMorph Imaging Software (Universal Imaging Corporation). The
images were processed using ImageJ Software.
2.4. Atomic force microscopy
Isolated tachyzoites were observed by applying a drop of cell suspen-
sion to a substrate. During invasion, Vero cells growing in coverslips
were directly observed without further treatment. The AFM measure-
ments were performed at ambient conditions in tapping mode using a
Digital Instruments (DI) Dimension 3100 AFM and Nanoscope IIIA
controller. Standard Olympus Si tapping mode tips with resonance fre-
quencies of the order of 300 kHz were used. Topography, amplitude,and phase images are presented. Topographic (or height) data shows
surface topography of the sample. Lighter and darker areas corre-
spond to high and low topographic features, respectively. The
high-amplitude, but slowly varying features often hide small and fast
changing surface features. These can be observed in the amplitude
image. Amplitude is the error signal of the topographic scan and is
very sensitive to steep height changes, even if the total height change
is small (in essence, it is proportional to the space derivative of the
topographic image). The phase image illustrates the tip/sample interac-
tion, and illustrates diﬀerent surface elasticity or rigidness.3. Results
3.1. Morphological characteristics of isolated B. besnoiti
assessed by AFM
To address morphological features of B. besnoiti tachyzoites,
parasite suspension was placed into a substrate and directly
observed by AFM without further treatment. The isolated
specimens presented 6–7.5 · 2.5–3.9 lm in size, a crescent-
shape with an apical specialization, the conoid (c) and surface
micropores (Fig. 1A – arrows). In these cells, the conoid local-
ized in the anterior end, was a structure of 600 nm long per
540 nm width, and this size showed much less variation than
the parasite cell dimensions. Indeed, larger and smaller cells
have conoids of similar sizes. Fig. 1A shows two B. besnoiti
isolated cells, side by side, with opposite orientation taking
into account the position of the conoid. In the ﬁgure, at the
right side, we observe a cell body with a non-retracted conoid
(Fig. 1A). Filaments in a spiral form irradiate from this apical
region toward the posterior region of cell body (Fig. 1 – see
arrow heads). Taking into account its arrangement and distri-
bution they might correspond to the subpellicular Mts already
described for other Apicomplexa [17,22]. Additionally, we
could observe that other transversal ﬁlaments with an identical
diameter (58.8 lm) cross these longitudinal spiraling ﬁlaments
as well, originating a network beneath the cell membrane (see
Fig. 1A2 – see arrow heads). The longitudinal spiraling ﬁla-
ments elongate for 5 lm and seem to end 700 lm before
the posterior extremity of the cell, implicating that they extend
for more than 2/3th of the parasite length and, at some cases
can reach up to 4/5th of the cell body like described for B. jel-
lisoni [23].
A more detailed observation of a retracted conoid is shown
in Fig. 1B where a ring-shape structure with about 800 nm
diameter seems to correspond to the apical polar ring (APR)
described for Toxoplasma gondii [18]. As far as we go lower
on scanning range it is possible to visualize a circular ﬁber with
an helicoidal structure of about of 75 nm diameter, composed
of two spiraling ﬁlaments of about 30 nm of diameter each, ﬁt-
ting the expected diameter for Mts. From this circular ﬁber
emanates a set of hook shaped ﬁbers with 50 nm diameter
that is closely associated at its straight region with two ﬁla-
ments, each of about 40 nm diameter. These repeated struc-
tures are 350 nm apart from each other (see a in Fig. 1B2)
and it is possible to predict that they are present all around
the parasite perimeter. In the scan on the range of 100 nm it
was possible to identify, beneath the cell membrane, a struc-
ture where longitudinal rows are interspersed by horizontal ﬁl-
aments (Fig. 1B3) resembling an intramembranous particle
lattice described for T. gondii [22].
It is clear that there must be some sort of ﬁlamentous system
also in the most posterior region (Fig. 1C). Longitudinal ﬁla-
Fig. 1. Isolated tachyzoites visualized by AFM. (A1) Shows two B. besnoiti cells, side by side, with opposite orientation according to the position of
the conoid (c). Microtubules (Mts) (arrow head), the conoid (c) and micropores (arrows) are visible. Mts ﬁlaments from the left side cell elongate for
5 lm and end 700 nm before the posterior edge. (A2) A more detailed image of the micropore structure of the B. besnoiti cell on the right side of
the previous image is shown (arrow). (B1) Shows a B. besnoiti cell with a retracted conoid. (B2) More detailed image of the apical region where a ring-
shape structure with 800 nm diameter (APR) is clearly identiﬁed composed of two spiraling ﬁlaments of about 30 nm of diameter each. From the
APR region a hook-shaped ﬁber emanates and it is (50 nm diameter) closely associated at its straight end with two more ﬁlaments of 40 nm
diameter each. These repeated structures are spaced of 350 nm (a) and probably correspond to B. besnoiti subpellicular Mts (arrow head). (B3) At
scan range of 100 nm, it is possible to see in more detail the APR and a web-like structure beneath the cell membrane can be identiﬁed. (C1) A
B. besnoiti cell showing the posterior polar ring (PPR). The subpellicular Mts (arrow head) elongate for 8 lm and a mesh-like pattern of ﬁlaments is
clearly observed in the most posterior region. (C2) More detailed image of the mesh-like pattern of ﬁlaments on the posterior region (3 lm long)
and posterior polar ring (PPR) with 1.5 lm diameter and 700 nm of thickness. Note that in this structure the posterior pore is detectable. The Mt
arrangement in a helicoidal manner and the longitudinal rows of ﬁlaments are visualized originating an inverted ‘‘V’’ pattern (K) at the Mt ending
region the are enhanced by drawn lines over the amplitude image C1 0 and C2 0, respectively.
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Fig. 2. B. besnoiti tachyzoite invading Vero cells observed by AFM. (A) A cone-shaped structure is formed by the host cell membrane toward the
invading parasite. (B1) The tachyzoite on the right side of the image is at an initial step of invasion, while the one on the left is almost completely
inside the host cell. (B2) Detailed image of the right side parasite cell in B1 where the bubble-like structures start to appear (arrow head). A dense ring
formed on the host cell surface at the entering point (arrow) can be observed. (B3) Detailed image of the left side parasite cell in B1, where the bubble-
like structures are more accentuated (arrow head). (C and D) B. besnoiti cells in advanced stages of invasion. All the invading parasites presented
bubble-like structures (arrow heads) in the range of 300 lm diameter each. (E) B. besnoiti tachyzoite observed from top revealing a kind of plaque-
structures at the posterior region (arrow).
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the full length of the pellicle seem to be present like described
for other Apicomplexans (see representative scheme on
Fig. 1C1 0) [23]. Furthermore, at the posterior edge of the sub-
pellicular Mts resembling inverted ‘‘V’’ structures (K) from
which ﬁlaments originate a mesh-like pattern in the posterior
region sub mounted with a posterior polar ring (PPR) with
700 nm of thickness and 1.5 lm diameter (Fig. 1C2 and
C2 0). The nature and function of these ﬁlaments remain to
be elucidated.
3.2. Initial steps of mammalian cell invasion by B. besnoiti
followed by AFM
In order to estimate the time required for host cell invasion
by B. besnoiti, protozoa cells were incubated with Vero cells for
diﬀerent times. Parasites soon start to invade host cells, as ob-
served by light microscopy. Some host cells were already in-
fected after 10 min of incubation and at 20 min many
tachyzoites were internalized (results not shown). Therefore,
the studies of host cell invasion described hereafter were per-
formed at 15 min post inoculation.Fig. 3. Indirect immunolocalization of a-tubulin in B. besnoiti isolated tachy
tubulin monoclonal antibody. Subpellicular Mts of 5 lm long radiate out f
parasite but are absent in the most posterior region. Tubulin staining is dete
heads); no speciﬁc Mt ﬁlaments are identiﬁed. (B) The Mts ends are orga
structure (arrow). (G) The conoid (c) in extracellular parasites is sometimes pr
one Mt  0.5 lm longer then the others (scale bars = 3 lm).Interestingly, direct observation by AFM of Vero cells
adherent to glass coverslips and incubated with B. besnoiti
show that a local modiﬁcation occurs on the host cell at the
moment of invasion, originating a cone-shaped structure
(Fig. 2A). On the other hand, B. besnoiti invading tachyzoites
undergo throughout a modiﬁcation in cell morphology loosing
its conventional crescent cell shape (Fig. 2B). Moreover, the
parasite, usually containing a smooth surface, begins to ac-
quire an irregular aspect due to the appearance of bubble-like
small structures (Fig. 2B–D – see arrow heads). These struc-
tures presenting an average size of 300 nm, represent altera-
tions in the parasite cell shape and surface and are not
conﬁned to a single cell, but are a constant feature in all of
the observed invading tachyzoites. Interestingly, some of these
parasite cells, especially those that were observed from top,
presented remarkable alterations at the posterior region reveal-
ing a kind of plaque-structures (Fig. 2E – arrow). From
Fig. 2B, showing two B. besnoiti tachyzoites in diﬀerent stages
of host cell invasion, it is evident that as the invasion proceeds,
the modiﬁcations in the protozoa cell surface become further
accentuated (Fig. 2 – arrow heads). This ﬁgure also shows azoites by IIF microscopy. (A–G0) B. besnoiti cells labeled with anti-a-
rom the apical region (conoid – c) and toward the posterior end of the
cted in the posterior region associated with globular structures (arrow
nized around the parasite body resembling an involving ring-shaped
otruded and with diﬀerent focusing (G and G 0) it is possible to observe
4678 Y. Reis et al. / FEBS Letters 580 (2006) 4673–4682ring-like structure in the host cell membrane at the parasite
entering point (see arrow in Fig. 2B2).
These results indicate that the mammalian cell invasion by
B. besnoiti tachyzoites is associated with profound alterations
in the shape and surface of the parasite protozoa as well as
at the entering point on the host cell membrane.
3.3. The microtubule cytoskeleton of B. besnoiti tachyzoites and
host cell during the initial steps of invasion
The data obtained from AFM analysis on isolated B. bes-
noiti tachyzoites and during the ﬁrst steps of host cell inva-
sion lead us to put forward the hypothesis that the
alterations on B. besnoiti shape and surface could be related
with cytoskeleton re-arrangements required for invasion. To
test this hypothesis we have ﬁrst identiﬁed and characterized
Mt cytoskeleton in B. besnoiti isolated tachyzoites (Fig. 3).
Distinct individual Mts ﬁlaments with 5 lm long emanate
from the apical region, spiraling outward and towards the
posterior region for more then 2/3th of the cell body (resultsFig. 4. Indirect immunolocalization of a-tubulin in B. besnoiti and Vero cel
image of host cells (HC) with invading B. besnoiti (Bb) tachyzoites after 1
zoomed. Note that there is a close interaction between the host cell Mts and th
not observed. (B) An entering B. besnoiti (arrow) with tubulin globular struc
expose their typical Mt cytoskeleton composed of the subpellicular Mts (arrow
around the parasites at the entering region. (C 0) Diﬀerential interference co
invasion process. (D–J) In diﬀerent stages of invasion, Mts are seen emanatin
clearly exempliﬁed by image K. On the posterior region of the invading pa
bars = 3 lm.not shown). In extracellular parasites, the conoid (c) alter-
nates between the retracted and extended states (and corre-
sponds to an apical ﬂuorescent small spot, Fig. 3G).
Interestingly, if we use diﬀerent microscopy focus plans of
the same cell, we are able to observe two levels of Mt orga-
nization consisting in the typical arrangement of subpellicular
Mts (Fig. 3G) and, alternatively, an organization presenting
an Mt longer than the subpellicular ones (Fig. 3G 0 and F)
that extends into the most posterior region (5.50 lm long).
At the posterior edge, subpellicular Mts ends assemble in a
ring-like structure (Fig. 3B – arrow) separating these from
the most posterior region where tubulin is not absent. How-
ever, instead of Mts, we observe unpolymerized tubulin glob-
ular structures. This less organized structure may confer to
the posterior region distinct properties. This diﬀerence can
be associated with a role of the B. besnoiti posterior end dur-
ing host cell entrance. In free parasites, the described struc-
ture could also be implicated in the ability to generate the
gliding mobility.ls during ﬁrst steps of invasion by IIF microscopy. (A) Representative
5 min incubation. (A 0) The region where the parasites are entering is
e invading parasite (arrow heads) and B. besnoiti subpellicular Mts are
tures on its surface is shown. In contrast, non-attached (free) parasites
head). (C) It is clearly observed a speciﬁc arrangement of host cell Mts
ntrast image of C, showing the parasite cells in an advanced stage of
g from the host cell interacting with the entering parasite, this event is
rasites, labelled plaque-like structures can be observed (arrows). Scale
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tachyzoites in the initial stages of host cell invasion. Remark-
ably, when B. besnoiti interacts with the host cell, tachyzoites
lose their distinct crescent-shape and, in agreement with
AFM data, become more rounded (Fig. 4). On the other hand,
subpellicular Mts ﬁlaments observed on isolated parasites are
no longer so clearly observed (compare Fig. 4 with Fig. 3).
In some cases, instead of these Mts ﬁlaments we observe the
presence of an intensively labelled plaque-like structure in
the posterior region (Fig. 4 – arrows from D to J). This struc-
ture resembles to the feature described by AFM imaging on a
tachyzoite in approximately the same stage of invasion (com-
pare Fig. 4J with Fig. 2E) and suggests the presence of some
sort of tubulin cytoskeleton on the posterior region with an ac-
tive role during this process.
Interestingly, we have observed a host cell Mt rearrangement
as these Mts start to surround the parasite cell upon the ﬁrst
steps of invasion (see Fig. 4A) and originate an Mt web with
a cone shape (see Fig. 4C, D and F) comparable to the struc-
ture previously observed by AFM (see Fig. 2A). Also an Mt
ring on the host cell is observable around the parasite entrance
site (Fig. 4C and E). As far as invasion proceeds, host cell Mts
arrange around the entering parasite establishing links to it
(Fig. 4K). These facts taken together strongly indicate an
involvement of the Mt cytoskeleton of both parasite and host
cell in the ﬁrst steps of invasion. Additionally, the protozoa Mt
cytoskeleton modiﬁcations seem to accompany the dramaticFig. 5. Indirect immunolocalization of a-tubulin in B. besnoiti invading
Representative image of B. besnoiti (Bb) tachyzoites invading host cells (HC)
clearly depolymerized host cell Mts as observed by the diﬀuse tubulin labe
disruption is complete while the parasite subpellicular Mts are still clearly idalterations in body shape and surface of B. besnoiti observed
by AFM during host cell invasion.
3.4. B. besnoiti is able to invade Vero cells in the presence of a
depolymerizing Mt cytoskeleton agent
The above described results indicate that the Mt cytoskele-
ton of host cell has an active role during parasite invasion. In
an attempt to clarify this role, we inoculated B. besnoiti tach-
yzoites in Vero cells that were pre-treated with nocodazole.
Nocodazole is described to be unable to depolymerize the
subpellicular Mts. However, in order to prevent any eﬀect
on the Mt cystoskeleton of the parasite, Vero cell growth
medium was removed after nocodazole treatment and cells
were extensively washed before inoculation. Although host
cell Mt cytoskeleton is almost completely absent due to the
Mt depolymerizing agent (Fig. 5A), we have observed that
B. besnoiti continues to readily invade these cells (results
not shown). Furthermore, the alterations described above
on the posterior region and cell shape of B. besnoiti invading
Vero cells are not as pronounced as those detected when the
parasites invade host-cells not treated with nocodazole (com-
pare Fig. 5 with Fig. 4). Indeed, in some invading parasites,
subpellicular Mts remain apparently unaltered, revealing an
Mt pattern indistinguishable from the one observed in iso-
lated B. besnoiti tachyzoites (compare Fig. 5 with the cyto-
skeleton of isolated parasites in Fig. 3 and of a free parasite
in Fig. 4B – arrow head).Vero cells pre-treated with nocodazole by IIF microscopy. (A)
treated with nocodazole (50 lM) for 3 h prior to infection. Nocodazole
ling in the cell cytoplasm. (B and C) Host cell (HC) Mt cytoskeleton
entiﬁable (compare with Fig. 4).
Fig. 6. B. besnoiti tachyzoite invading Vero cells pre-treated with nocodazole observed by AFM. (A) Shows a B. besnoiti tachyzoite in an advanced
stage of invasion with a smooth surface and where is possible to recognize the posterior polar ring (PPR) and pore. (B) B. besnoiti tachyzoite entering
the host cell without profound morphological alterations on its surface. Note that there is no structure formed by the host cell membrane at the
interface point. (B 0) A three-dimensional image of B. besnoiti cell described in B.
4680 Y. Reis et al. / FEBS Letters 580 (2006) 4673–4682AFM imaging with nocodazole treated host cells during ﬁrst
steps of B. besnoiti invasion (Fig. 6) showed that the bubbles-like structures previously described (Fig. 2) as an alteration in
the surface of the parasites were no longer visible (compare
Y. Reis et al. / FEBS Letters 580 (2006) 4673–4682 4681Fig. 6B with Fig. 2D). Indeed, the surface of invading tachyzo-
ites is quite smooth, similar to that observed for isolated par-
asites (Fig. 1). Moreover, the posterior region of invasive B.
besnoiti did not show the accentuated morphological changes
detected when the host cell cytoskeleton was not perturbed
(Fig. 6B). This is more evident in the three-dimensional repre-
sentation (Fig. 6B 0) that allows a clearer understanding of the
invasion stage.
All taken together, these results reveal that the cytoskeleton
integrity of the host cell is not essential for parasite entrance.
However, it seems to be associated with the modiﬁcations
occurring in parasite shape, surface and posterior Mt cytoskel-
eton during cell invasion (Figs. 2 and 4). Whether these alter-
ations aﬀect the establishment of a productive host cell
infection remains to be clariﬁed.4. Discussion
Combining AFM with IIF microscopy, we describe morpho-
logical characteristics of B. besnoiti that in general are similar to
those already known in other closely related parasites, such as
T. gondii and Neospora caninum. B. besnoiti tachyzoites are
crescent-shaped cells with approximately 6–7.5 · 2.5–3.9 lm
in size and their Mt cytoskeleton is characterized by a complex
array of ﬁlaments extending from the apical region towards the
parasite posterior region in a spiral arrangement, the subpellic-
ular Mts [12]. These subpellicular ﬁlaments elongate for 5 lm
and are absent in the most posterior region, covering more than
the length described for other apicomplexan parasites, namely
T. gondii (2/3th of the cell body), Sarcocystis ovifelis and Eime-
ria falciformis (half of the cell body) [23–25]. In fact, in some of
the observed B. besnoiti tachyzoites the subpellicular Mts cov-
ered 4/5th of the cell body, as described for B. jellisoni [23].
Similar to most apicomplexans (see review [17]), the extreme
apical end of the parasite contains the conoid, a small cone-
shaped structure composed of several unidentiﬁed ﬁlaments
and the subpellicular Mts that are organized in a complex net-
work arrangement (Fig. 1, panels A and B). At the posterior
region it was also possible to identify a solid ring structure,
which probably corresponds to the posterior polar ring (PPR
in Fig. 1C) already described for B. jellisoni [23].
B. besnoiti is capable of infecting and parasiting diﬀerent
cell lines [19,20], but very little is known about the mecha-
nisms behind the initial steps of cellular invasion. B. besnoiti
invasive process begins with the contact with the host cell
through the parasite apical extreme followed by what seems
to be an active penetration. In fact, invasion of host cells
does not induce host cell membrane ruﬄing which would
be indicative of phagocytosis [12]. The parasite entry, ob-
served by AFM, leads to the formation on the host cell sur-
face of a cone-shaped structure, which can be associated with
the dense ring on the interface point revealed by IIF. These
structures strongly suggest active cell-cell interaction that
may be underlined by Mt cytoskeleton rearrangements. In-
deed, AFM studies revealed that, in contrast to the smooth
surface observed on isolated parasites, all the invading para-
sites show surface morphological changes becoming creased
with globular-like structures.
The posterior region in B. besnoiti cell described here,
presented particular features. Namely, some kind of tubulin
content with unpolymerized a-tubulin was detected by IIF(Fig. 3 – arrows) and a ﬁlamentous network of unknown nat-
ure was markedly observed by AFM (Fig. 1C2 0), both confer-
ring apparently ﬂexible properties to this region [23].
Remarkably, during invasion events, the tubulin labeling on
the posterior region revealed a kind of plaque structures ending
in a ring-shaped appearance (Fig. 4 – arrows) and resembling the
rigid structures observed by AFM (Fig. 2E). These observed
conformations could suggest a more active role for the poster-
ior region of B. besnoiti in host cell invasion dynamics.
The treatment of free protozoa cells with the antimitotic
agent nocodazole does not aﬀect the subpellicular Mts of the
parasite, neither its capacity to invade the host cells (data not
shown). This fact should rely on the stable structure of the sub-
pellicular Mts. It has been described by others that the Mts of
extracellular apicomplexans are not dynamic and are resistant
to Mt-disrupting drugs [27]. Interestingly, we observed that
depolymerization of host cell Mts by the same anti-microtubule
agent did not inhibit the invasion by the parasite. In opposition
to what was observed during invasion of host-cells with unaf-
fected Mt cytoskeleton, the appearance of the parasite Mts
by IIF (Fig. 5) was indistinguishable from isolated ones. More-
over, the bubble-like structures on the surface of B. besnoiti cell
previously observed by AFM were not longer detected (see
Fig. 6) neither the plaque-like structures in the most posterior
region (Fig. 2 for AFM imaging and Fig. 4 for IFI). These re-
sults demonstrate that host cell Mt cytoskeleton is not essential
for the entry process but may act like a barrier, probably trig-
gering the mechanism responsible for parasite morphological
and Mt cytoskeleton alterations described in this work.
Various unicellular eukaryotes (e.g. trypanosomes) present
subpellicular microtubules and membrane lattices involved in
motility as well as maintenance of cell shape. Taking into ac-
count that subpellicular Mts are thought to be responsible
for the elongated shape and are involved in a variety of essen-
tial functions as the maintenance of the highly polarized cell
organization [13], our observations strongly suggest that Mt
cytoskeleton of parasites may undergo trough a re-modeling
process which probably underlies the morphological changes
observed by AFM. Strikingly, to our knowledge, these are
the ﬁrst evidences of such like re-arrangements on host cell
or parasite Mt cytoskeletons during invasion events within
Apicomplexa members. The role of cytoskeleton of apicom-
plexan parasites in host invasion process has been limited to
the actin–myosin-system [26]. T. gondii subpellicular Mts re-
main unchanged during the process [27,28] while infection by
T. gondii alters host cell Mt arrays that concentrate around
the parasitophorous vacuole [29]. Based on our observations
for B. besnoiti protozoa, it is tempting to speculate that there
is a cross-talk between the host and parasite Mt cytoskeleton
and that such event plays an important role during the ﬁrst
steps of invasion.Acknowledgements:We are deeply thankful to Prof. Anto´nio Coutinho
for critical reviewing and providing valuable suggestions about the
manuscript. This work supported by CIISA – Centro de Investigac¸a˜o
Interdisciplinar em Sanidade Animal; IGC – Instituto Gulbenkian de
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